A Janthinobacterium sp. and an actinomycete, both capable of mineralizing 2,4-dinitrophenol (DNP), were used to construct a consortium to mineralize DNP in nonaxenic bench-scale sequencing batch reactors (SBRs). Average Km values for DNP mineralization by pure cultures of the Janthinobacterium sp. and the actinomycete were 0.01 and 0.13 ,ug/ml, respectively, and the average maximum specific growth rate (tLmax) values for them were 0.06 and 0.23/h, respectively. In the presence of NH4Cl, nitrite accumulation in pure culture experiments and in the SBRs was stoichiometric to initial DNP concentration and the addition of nitrogen enhanced DNP mineralization in the SBRs. Mineralization of 10 ,ug of DNP per ml was further enhanced in SBRs by the addition of glucose at concentrations of 100 and 500 ,ug/ml but not at 10 ,g/ml. Possible mechanisms for this enhanced DNP mineralization in SBRs were suggested by kinetic analyses and biomass measurements. Average tU.. values for DNP mineralization in the presence of 0, 10, 100, and 500 ,ug of glucose per ml were 0.33, 0.13, 0.42, and 0.59/h, respectively. In addition, there was greater standing biomass in reactors amended with glucose. At steady-state operation, all SBRs contained heterogeneous microbial communities but only one organism, an actinomycete, that was capable of mineralizing DNP. This research demonstrates the usefulness of supplemental substrates for enhancing the degradation of toxic chemicals in bioreactors that contain heterogeneous microbial communities.
Nitrophenols are used in industry as intermediates in the production of dyes, explosives, and pesticides. Because of their widespread use, nitrophenols occur as contaminants in industrial effluents and hence in natural waters (6) . The U.S. Environmental Protection Agency lists several mono-nitrophenols and dinitrophenols on its "Priority Pollutants List" and recommends restricting their concentrations in natural waters to below 10 ng/ml (26) . Because the addition of one or more nitro groups to the phenol molecule reduces the electron density of the aromatic ring, electrophilic attack of the compounds by microorganisms is impeded (2, 25) and the compounds may accumulate in the environment.
While past research has revealed a variety of organisms that can utilize mono-nitrophenols as sources of carbon and energy (14, 24, 27, 28) , few researchers have reported on microorganisms that can mineralize dinitrophenols (2, 9) . In recent work with dinitrophenols, 2,6-dinitrophenol was found to be degraded only under nitrogen-limiting conditions in the presence of more readily usable carbon sources (2) .
Several studies have demonstrated the effectiveness of supplemental substrates for enhancing the rate of biodegradation of toxic chemicals by pure cultures of bacteria (10, 20) . Schmidt et al. (20) showed that glucose could increase the growth rate of p-nitrophenol-mineralizing bacteria and thereby increase the rate of p-nitrophenol mineralization. However, the usefulness of this type of enhancement may be limited by heterogeneous systems where multiple populations of microorganisms compete with the degrading organisms for the supplemental substrate. Such a lack of enhancement has been seen in attempts to increase the rate of biodegradation of nitrophenols in soil (22) .
Biodegradation of other phenolic compounds has been shown to be inhibited by glucose in aquatic treatment systems (12, 17) . In batch cultures of mixed populations, glucose inhibited the degradation of 2,4-dichlorophenoxyacetic acid even though the two substrates were used simultaneously. Likewise, glucose inhibited the degradation of phenol by a heterogeneous population that had previously been acclimated to phenol, but inhibition was reduced if an inoculum that was acclimated to phenol and glucose was used (17) .
The present study was undertaken to optimize conditions for the biodegradation of 2,4-dinitrophenol (DNP) by a bacterial consortium in sequencing batch reactors (SBRs). SBR technology was previously described by Irvine and Busch (8) and is used for wastewater treatment in industry and to a lesser extent in domestic wastewater treatment. The approach of the present study was to select for organisms that could degrade DNP over a broad range of concentrations, to determine which supplemental substrates enhanced degradation in pure cultures, and then to inoculate SBRs with these organisms. The SBRs were run with different concentrations of supplementary substrate until steady-state conditions were reached and before assessing the effects of the supplemental substrate on DNP mineralization. This approach allowed for acclimation of the SBR cultures to the experimental conditions and demonstrated that the effects were reproducible and stable.
MATERIALS AND METHODS
Cultures. An actinomycete and a Janthinobacterium sp. isolated from a freshwater stream and forest soil (19) , respectively, were used for all experimental work. These organisms were isolated by using techniques specifically designed to maintain their ability to degrade low concentrations of xenobiotic chemicals. Neither (13) . Results of the auxanographic study were used in part to identify possible supplemental substrates for enhanced degradation studies. Analysis of cell wall amino acids was performed by using the technique of Schaal (18) . Final identification of the Janthinobacterium sp. was done by analysis of cell wall fatty acids by the techniques of Fieldhouse and Miller (5 (15) . If the standard error of the estimated parameter was greater than 50%, the model was deemed an inferior fit to that data set (15) . The actinomycete, and two different experiments at 1.0 and 0.5 ,ug of DNP per ml were done for the Janthinobacterium sp. The model of best fit for the actinomycete data was the logistic equation, whereas the logarithmic equation (22) described the data from the experiments with the Janthinobacterium sp. (data not shown). Parameters that were esti- mated by nonlinear regression analyses of data from the growth experiments are shown in Table 3 .
Nitrite accumulation during DNP mineralization, in the presence of added nitrogen as NH4CI, is shown for the actinomycete (Fig. 4) . Cells for the experiment were previously grown on 2.5 ,ug of DNP per ml and then amended with (Fig. 4) . The resulting NO2--to-DNP molar ratios were 1.85 and 1.91, respectively. Production of 14CO2 from 14C-DNP mineralization was measured for the actinomycete. A replicated experiment showed 53 + 1% of total labeled DNP recovered as 14CO2.
DNP mineralization in SBRs. A preliminary experiment was conducted in two SBRs inoculated with both pure culture strains (actinomycete and Janthinobacterium. sp.) to ascertain the effects of added nitrogen on DNP mineralization. Concentrations of DNP and glucose were 4 and 10 jig/ml, respectively. One reactor was run with the complete mineral salts medium, and the other was run with the same medium without the addition of NH4C1. The presence of added nitrogen caused a slight enhancement of DNP mineralization (Fig. 5) . The Michaelis-Menten model best represented both DNP mineralization data sets. Parameters from this model fit were as follows: (i) for the SBR with externally added nitrogen source, Km = 1.85 + 0.29 ,ig/ml and rate constant = 1.51 ± 0.12 jig/ml per h; (ii) for the S13R without externally added nitrogen source, Km = 1.59 ± 0.26 jig/ml and rate constant = 1.01 ± 0.07 jig/ml per h. In a subsequent experiment (data not shown), using the same DNP and glucose concentrations, the maximum nitrite evolution in the SBR with external nitrogen added was approximately in stoichiometric amounts to initial DNP (37.8 jiM N02-and 20.1 jiM DNP), the N02-to-DNP molar ratio being approx- imately 1.88 . Maximum nitrite evolution in the SBR without external nitrogen added was considerably less than that with added nitrogen (7.1 ,M versus 37.8 ,uM), presumably because of the use of nitrite from DNP as a nitrogen source. Two replicate experiments were conducted for the measurement of 14C02 produced from mineralization of '4C-DNP in samples from the SBRs. Results showed that 37 ± 4% of total labeled DNP was recovered as '4C02.
In subsequent experiments, three SBRs were run in parallel for 3 months, each containing equal concentrations of DNP (10 ,ug/ml), different concentrations of glucose as a supplemental substrate, and complete mineral salts solution including NH4CI. Experiments measuring DNP removal rate profiles were conducted during a single reaction cycle every later results presumably because of non-steady-state conditions prevailing when the reactors were first set up. Figure 6 shows the results of two representative SBR experiments. The first experiment (Fig. 6A ) was conducted after 2 weeks of operation when the reactors had not reached steady-state conditions. The second experiment (Fig. 6B ) is more representative of later experiments and shows a marked enhancement of DNP mineralization in the presence of 100 ,ug of glucose per ml but no enhancement in the presence of 10 ,ug of glucose per ml.
To determine if DNP mineralization could be further enhanced, the reactor that had been run with 10 jig of glucose per ml was converted to run at a glucose concentration of 500 ,ug/ml while the other two reactors continued to run at glucose concentrations of 0 and 100 Fg/ml (Fig. 7) . The reactors were allowed to run for eight cycles at these concentrations before the experiment shown in Fig. 7 was performed. The higher concentration of glucose (500 ,ug/ml) caused an even greater stimulation of DNP mineralization than did 100 ,ug of glucose per ml (Fig. 7) . The curves of DNP mineralization for all controls (no glucose added) were best fit by the logistic growth model. Curves of DNP mineralization with supplemental substrate additions were all best fit by Model IV of Schmidt et al. (21) . Table 4 presents the estimates of the model parameters from nonlinear regression analyses for all SBR results shown in Fig. 6 and 7 . In addition to population estimates from the logistic model, biomass was measured on a dry-weight basis for each reactor at the completion of an operating cycle for each experiment. Measurements of suspended solids at the end of each cycle and average times for complete DNP degradation in each reactor are shown in Table 5 . The differences among the measurements of suspended solids were shown to be significant (P = 0.05) by using the standard F-test; however, there was no significant difference between the DNP-degradation times in the presence of 0 and 10 ,ug of glucose per ml (P = 0.05). (Tables 2 and 3 ) indicated that the actinomycete should be more efficient at mineralizing relatively high concentrations of DNP whereas the Janthinobacterium sp. should be able to mineralize much lower concentrations of DNP. However, only the actinomycete could be reisolated from the reactor population after the SBRs had been run for many cycles. This may have been because the concentration of DNP used (10 ,ug/ml) was closer to the Km of the actinomycete than that of the Janthinobacterium sp. It may also have been that the filamentous growth of the actinomycete favored its retention in the sludge particles in the reactors. Further evidence that the Janthinobacterium and 7 (B) (see Table 4 ). The mineralization curves were fit by nonlinear regression. (20) .
Nitrite evolution in both pure culture and the activated sludge cultures was approximately in stoichiometric propor- 0, 100, and 500 ,ug of glucose per ml in SBRs during experiment 8 (see Table 4 ). production from 14C-DNP, and the fact that the SBR with no added glucose maintained an active DNP-degrading population for over 60 consecutive cycles of operation. Sixty cycles of operation would have resulted in a 2,400-fold dilution of the original inoculum, and thus growth on DNP was necessary to maintain the active population. Unlike the effects of nitrogen in previous studies of dinitrophenol mineralization (2), readily available sources of nitrogen did not inhibit DNP mineralization in the present study. This is probably because the organisms used in this study were enriched for under conditions of carbon rather than nitrogen limitation. As a result, the actinomycete could use DNP as its sole source of carbon and energy as well as nitrogen. Rather than inhibiting DNP mineralization in the SBRs, ammonia actually stimulated DNP mineralization (Fig. 5) , increasing the rate constant for DNP mineralization by approximately 50%.
Further stimulation of DNP degradation was seen in the presence of glucose at concentrations of 100 ,ug/ml or higher ( Fig. 6 and 7) . These results were very reproducible after the reactors had run for at least 30 cycles, presumably because the reactors had reached steady-state operation. This is 56, 1990 indicated by the consistency of kinetic parameter estimates between experiments 7 and 8 for 0 and 100 ,ug of added glucose per ml and experiments 6 and 7 for 10 ,ug of added glucose per ml ( 
